Aims: This study assessed the relationship between spatial social polarization measured by the index of the concentration of the extremes (ICE) and preterm birth (PTB) and infant mortality (IM) in New York City. A secondary aim was to examine the ICE measure in comparison to neighborhood poverty. Methods: The sample included singleton births to adult women in New York City, 2010City, -2014. Three ICE measures were employed at the census tract level: ICE − Income (persons in households in the bottom vs top 20th percentile of US annual household income), ICE −Race/Ethnicity (black non-Hispanic vs white non-Hispanic populations), and ICE -Income + Race/Ethnicity combined. Preterm birth was defined as birth before 37 weeks' gestation. Infant mortality was defined as a death before one year of age. A two-level generalized linear model with random intercept was utilized adjusting for individual-level covariates. Results: Preterm birth prevalence was 7.1% and infant mortality rate was 3.4 per 1000 live births. Women who lived in areas with the least privilege were more likely to have a preterm birth or infant mortality as compared to women living in areas with the most privilege. After adjusting for covariates, this association remained for preterm birth (ICE -Income: Adjusted Odds Ratio (AOR) 1.16 (1.10-1.21); ICE -Race/Ethnicity: AOR 1.41 (1.34-1.49); ICE -Income + Race/Ethnicity: AOR 1.36 (1.29-1.43)) and IM (ICE -Race/ Ethnicity (AOR 1.80 (1.43-2.28) and ICE -Income + Race/Ethnicity (AOR 1.54 (1.23-1.94)). High neighborhood poverty was associated with PTB only (AOR 1.09 (1.04-1.14). Conclusions: These results provide preliminary evidence for the use of the ICE measure in examining structural barriers to healthy birth outcomes.
Introduction
At a time of mounting economic polarization within and across myriad cities and countries [1] [2] [3] , along with political tensions involving ethnic and antiimmigrant discrimination [4] [5] [6] , it is important to ensure that metrics used to monitor health inequities reflect these changing conditions. Considering the case of public health surveillance in relation to birth outcomes, work to date has generally focused on individual level factors associated with preterm birth (PTB) and infant mortality (IM) such as maternal behaviors, pregnancy characteristics, pregnancy history, and biological and genetic markers [7] [8] [9] [10] [11] [12] [13] . However, there has been a growing emphasis on investigating and monitoring the social determinants of PTB and IM. The role of contextual or neighborhood factors in shaping birth outcomes has been examined but is often challenged by the large number of co-occurring factors that are either difficult to measure, not characterized simultaneously, or not measured at all [14] [15] [16] [17] [18] [19] [20] .
Since neighborhoods are multi-dimensional, it is vital to identify multi-dimensional measures, especially those sensitive to growing economic and social polarization, which can be used in public health surveillance. The index of the concentration of the extremes (ICE) which was developed by Douglas Massey, a leading scholar regarding residential segregation, innovatively measures the simultaneous geographic concentration of two groups (e.g., people who are affluent AND people who are impoverished within a given area) [21] [22] [23] . Serving as a measure of spatial social polarization, the ICE quantifies the extremes of both privilege and deprivation in a single metric and assesses the extent of the concentration of the population into one or the other group [24] [25] [26] [27] . One advantage of the ICE is that, unlike the more commonly used Gini index of economic inequality, the ICE indicates directionality and can distinguish between an area with extreme concentration of low income vs an extreme concentration of high income (which, by contrast, would be assigned the same Gini index) [24] [25] [26] .
Further, although the ICE initially was developed and used solely for individual socioeconomic variables (e.g., ICE for income, ICE for education), new work in public health has shown that the ICE measure can also be expanded meaningfully to measure racial/ethnic social spatial polarization -and, beyond this, it can combine income and race/ethnicity in one measure, thereby creating a measure of racialized economic segregation [24] [25] [26] [27] . The incorporation of two neighborhood dimensions may represent spatial social polarization more thoroughly through the joint impact of income inequality and racial/ethnic segregation on health outcomes. These epidemiological studies have found an association between ICE and public health measures, such as body mass index, allostatic load, black carbon exposure, hypertension, and both fatal and non-fatal assaults (total and firearm-related) [24] [25] [26] [28] [29] [30] [31] . In addition, we recently conducted an ecological analysis of New York City mortality data and ICE with regard to infant mortality, premature mortality, and diabetes mortality [27] . We found that areas with a high concentration of deprivation had a higher rate of infant mortality compared to areas with a high concentration of privilege, as measured in relation to both economic and racial privilege [27] . Neighborhoods of concentrated deprivation are characterized by poverty and differing access to resources [15] . Material deprivation and chronic stress from living in a deleterious environment can impact health in numerous ways and, in particular for women, resulting in poor maternal health and adverse birth outcomes [18] .
Results for New York City have global significance for two reasons: (1) it is a world city whose population is highly diverse and segregated with regard to race/ethnicity [32] and also has considerable income inequality [33] , and (2) its population (8.5 million) is larger than that of half of the countries of the European Union [34] .
In this analysis, we utilize birth and death data from the New York City Department of Health and Mental Hygiene (NYC DOHMH) to examine PTB and IM in relation to three ICE measures and neighborhood poverty. We hypothesized that mothers would be more likely to have a preterm birth or experience an infant death if they lived in areas of concentrations of low vs high economic and racial privilege, reflecting how neighborhood conditions shape health outcomes [21, 35, 36] . We additionally compared results across the different neighborhood measures to assess if the ICE could complement the more conventionally used poverty measure in public health analysis and surveillance.
Methods

Data and sample design
We conducted a cross-sectional analysis of singleton births in New York City (2010-2014; n=532,806) . Births of multiple deliveries were removed due to the higher likelihood of adverse birth outcomes, independent of social conditions. Observations that were missing covariate data were removed from the analysis (1.8%). The mother's residential address on the birth certificate was geocoded to provide the census tract (CT) which was linked to the ICE and poverty measures. According to the US Census Bureau, CT have an optimum size of 4000 persons (range: 1200−8000) and are "small, relatively permanent statistical subdivisions of a county or equivalent entity that are updated by local participants prior to each decennial census as part of the Census Bureau's Participant Statistical Areas Program" [37] . Geocoding was conducted using Geosupport, an application developed by the New York City Department of City Planning.
ICE and poverty measures were constructed from the US Census American Community Survey (ACS) five year annualized estimates of socio-economic and demographic characteristics at the CT level, using the data for 2010-2014. The ACS is a yearly survey of approximately 2.5 million randomly selected respondents (1 in 38 households) that covers a wide range of topics including demographics, employment status, educational attainment, income, and housing costs [38] .
Birth outcomes
Births were categorized as preterm based on the clinical estimated gestational age from the birth certificate (<37 weeks' gestation). A death was categorized as an infant death if the event occurred during the infant's first year of life. The New York City infant mortality data file links birth certificate and death certificate data. The infant mortality rate was calculated as the number of deaths divided by the number of births in a geographic area multiplied by 1000, giving deaths per 1000 live births.
ICE and neighborhood poverty
The ICE measure was computed using the following formula [24] [25] [26] [27] 39] :
where Ai is the number of persons categorized as belonging to the most privileged extreme, Pi is the number of persons categorized as belonging to the least privileged extreme, and Ti is the total population whose privilege level was measured in the ith geographic area that is defined. For example, in the case of the ICE for income, Ai = number of affluent persons in neighborhood i Pi = number of impoverished persons in neighborhood i Ti = total population in neighborhood i. Three different versions of the ICE measure were constructed: (1) ICE for income (setting as the extremes persons in households in the bottom vs top 20th percentile of US annual household income, using the ACS income categories closest to these percentiles, i.e., <$25,000 and ⩾$100,000); (2) ICE for race/ethnicity (setting as extremes the black nonHispanic vs white non-Hispanic populations, representing extremes of denial of vs entrenched racial privilege); and (3) ICE for income and race/ethnicity combined [24] [25] [26] [27] . ICE is calculated as a continuous measure that ranges from −1 to +1. In the case of the ICE for income and race/ethnicity combined, −1 corresponds to complete concentration of low income, black non-Hispanic residents and +1 corresponds to complete concentration of high-income, white non-Hispanic residents.
The ACS poverty measure quantified the percent of the population with income below the Federal Poverty Level (FPL). Both the continuous ICE measures and the poverty measure were categorized into five quintiles, based on the NYC distribution of these measures. Quintile 1 (Q1) corresponded to the least privileged; Q5 corresponded to the most privileged and served as the referent group.
Statistical analyses
Descriptive analysis was performed to characterize the population overall and by quintiles of the ICE and poverty measures. Trends in outcome by these quintiles were evaluated using the Cochran-Armitage trend test.
Owing to the hierarchical nature of the data, multi-level modeling was utilized with individuals nested within CT of residence with the ICE and poverty measures as the primary predictor in each model. A logistic regression with random effects (mixed models) was used allowing for the heterogeneous impact of CT to be estimated.
For both PTB and IM, the adjusted model included maternal age, infant sex, maternal race/ ethnicity, maternal nativity, maternal education, marital status, women, infants, and children use, maternal insurance, and body mass index. A separate analysis was performed for each version of the ICE and for poverty. This analysis received Institutional Review Board exemption due to the use of de-identified data. Data analyses were conducted with SAS version 9.4, Cary, NC.
results Table I and II present data on the ICE and poverty measures and also the maternal demographic and medical characteristics in relation to the top and bottom quintile for each measure. Across New York City's 2,167 CT, the values of the three ICE measures together ranged from −1 to 1, and the percent of persons below poverty ranged from 0% to 78.4%. Births to women of color accounted for more than two-thirds of the overall study population. Approximately half of the women were older than 30 years of age, foreign-born, and reported some college or greater for educational level. In the study population, 63.2% of the women utilized Medicaid, Family Health Plus, or another form of government insurance to pay for their care. Almost 40% of the study population was categorized as overweight or obese.
These characteristics differed between Q1 (least privileged) and Q5 (most privileged) for the ICE measures. Women in Q1 were more likely to be of color, younger, utilize government provided insurance, and to be overweight or obese. They were less likely to have a college or higher degree or to be married. Those women who lived in an area with the most privilege were more likely to be non-Hispanic white, US-born, and have a college or greater degree and were less likely to use government provided insurance or be overweight or obese. 
Preterm birth
In the overall study population, 7.1% of the births were categorized as preterm. As shown in Figure 1 , the lowest prevalence of preterm birth was seen in Q5 (most privileged) across all ICE measures and the poverty measure. A significant trend was seen for all three ICE measures and the poverty measure (p<0.0001). A trend of higher magnitude was observed using the ICE measures than using poverty, with the prevalence of PTB almost double for Q1 (least privileged) than the prevalence of PTB in Q5.
In particular, for ICE -Race/Ethnicity, the prevalence of PTB increased from 4.8% in Q5 to 10.3% in Quintile 1 (p<0.0001). Although a similar trend was seen for the poverty measure, the disparity was not quite as stark (5.8% in low poverty areas as compared to 7.8% in high poverty areas; p<0.0001).
Crude and adjusted odds ratios for PTB in relation to the ICE measures and the poverty measure are given in Table III . Across all ICE measures and the poverty measure, an elevated likelihood of PTB was seen for Q1 with Q5 as the reference. In the crude analysis, the ICE measures showed increased odds of over 50% to 122% (ICE -Income: OR 1. 29-1.43) ). Although the poverty measure remained significant, the association was greatly diminished and did not demonstrate a trend across quintile levels.
Infant mortality
In the study population, the overall infant mortality rate (IMR) was 3.4 per 1000 live births. Like the PTB analyses, the IMR trends were significant across all measures of ICE and the poverty measure (p<0.0001) (Figure 1 ). In particular for ICE -Race/ Ethnicity and ICE -Income + Race/Ethnicity, the IMR was almost four times higher in Q1 (least privileged) as compared to Q5. By contrast, for the poverty comparison, the difference was two-fold (Q1 -high poverty: 4.1; Q5: 2.1). In the crude analyses (Table III) , the likelihood of infant death was significantly higher for women who resided in areas with the least privilege as compared to those living in areas with the most privilege (ICE -Income: OR 2.41 (2.00-2.90); ICE -Race/ Ethnicity: OR 4.23 (3.51-5.11); ICE -Income + Race/ Ethnicity: OR 3.79 (3.14-4.58)). Neighborhood poverty had a significant but less dramatic effect for women who lived in areas of high poverty as compared to women living in areas of low poverty (OR: 2.02 (1.67-2.44)). After adjusting for covariates, the ICE -Race/Ethnicity and ICE -Income + Race/ Ethnicity measures remained significant whereas the ICE -Income and poverty measures did not.
Discussion
Our results point to the relevance of monitoring health inequities using measures of social spatial polarization, such as ICE. For both outcomes, the disparity between Q1 (least privileged) and Q5 (most privileged) for ICE -Race/Ethnicity and ICEIncome + Race/Ethnicity was wider than the disparity between areas of high and low poverty. All three versions of the ICE measure were associated with PTB and two of the ICE measures with IM, after adjustment for individual level factors. In comparison, neighborhood poverty remained marginally significant for PTB and was non-significant for IM in the adjusted model.
In these analyses, the ICE measures compared only white residents to black residents (ICE -Race/ Ethnicity and ICE -Income + Race/Ethnicity). Racial residential segregation has been identified as a fundamental cause of racial disparities in health [35] . Previous institutional policies that were enforced to regulate social interaction between blacks and whites have had long-lasting implications on income level and educational attainment for blacks [35] . Given the extensive diversity of the New York City population in relation to both race/ethnicity and nativity, future analyses could consider constructing ICE measures using other racial/ethnic contrasts to define the extremes of privilege and its lack, even as the most stark segregation remains black vs non-black [32] . For example, Puerto Rican women have a higher infant mortality rate than other Hispanic women in New York City [40] , and it could be useful to explore the utility of a measure that set as contrasts the Puerto Rican vs white non-Hispanic population.
Although neighborhood poverty was not significant in these analyses, the role of poverty is well-documented and should be continued to be used in public health surveillance [41, 42] . The ICE measure provides another dimension to examining the role of neighborhood characteristics in health outcomes. Spatial social polarization indicates how great the divide has become between those who may be experiencing deprivation and those who may be living in privilege. This considerable gap may affect health via the lack of resources in areas of concentrated deprivation but also the extreme concentration of resources in separate and different areas. Neighborhoods characterized by higher levels of deprivation as measured by racial/ethnic and socioeconomic segregation are often less likely to have supermarkets, health services, sound housing stock, and highly ranked schools as compared to neighborhoods with concentrated privilege [15, 28, [43] [44] [45] [46] [47] . If this divide widens between groups, these inequitable characteristics may become further perpetuated, resulting in continued disinvestment in neighborhoods with concentrated deprivation [21, 22] .
Strengths and limitations
Strengths of this analysis include the large and diverse population utilized, which yields robust estimates. In addition, the geographic variety in the distribution of income and race/ethnicity in New York City allows for large variance in both the ICE measures and neighborhood poverty. There are few cities in the US, other than New York City and Los Angeles, in which the very rich reside in close proximity to the very poor or have such diversity in race and ethnicity; however, such conditions do exist in other world cities, e.g., Paris, London, Berlin, Sao Paolo, to name a few [48] . In addition, the NYC DOHMH captures all births that occur in New York City and the individual level variables, such as race/ethnicity and education, used in this analysis have generally high validity. Finally, the use of census tract as the unit of geography provides greater variation for both the ICE and the poverty measure than larger measures such as county or community district. Instability of estimates for the census tracts was addressed by categorizing the measures into quintiles which increased the overall sample size for each quintile.
The principal limitation of these analyses is the use of maternal residence to assign the census tract. There is no information on the birth certificate to indicate the duration of residence at a particular address. Several studies have examined residential mobility during pregnancy and have found 12% to 33% of study participants moved during pregnancy [49] [50] [51] . In a cohort of New York State mothers, Chen et al. found that 16% of mothers moved at least once during pregnancy. Few of these studies examined movement between neighborhoods with differing socio-economic status [52] . Other work has shown that low-income black families are more likely to move from one low-income neighborhood to another low-income neighborhood [53] . In comparison, white families are more likely to move from a neighborhood that is high-income and predominantly white to another similar neighborhood [54] . A second limitation is the use of broad racial/ethnic categories which could obscure intra-group differences. The non-Hispanic black group contains women who self-identify as African-American, CaribbeanAmerican, and African-born American. It has been shown that birth outcomes differ by ethnic group [55, 56] and indicate the need to do more in-depth analysis of ethnic sub-groups. Lastly, due to the multi-dimensional nature of neighborhoods, it is difficult to encapsulate neighborhood-level impacts in one measure. However, the ICE measure may be more successful at achieving this goal as compared to other neighborhood level measures that only capture one dimension of neighborhood impact. These results provide preliminary evidence for the inclusion of the ICE measure in public health analysis and surveillance. Vulnerable populations whose birth outcomes were significantly worse than their counterparts can be identified using the ICE measures. For the ICE -Race/Ethnicity and ICE -Income + Race/Ethnicity measures, there was a sustained increase in the likelihood of infant death and preterm birth. In comparison, the ICE -Income and neighborhood poverty measures did not have a consistently significant association with infant mortality and preterm birth. These analyses highlight the importance of having multiple neighborhood measures in public health analysis and surveillance, including metrics capable of quantifying, separately and jointly, diverse dimensions of social spatial polarization, including race/ethnicity and income.
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